E-cadherin functions as suppressor of invasion in epithelial cells and its loss is described in many invasive carcinomas. In some tumours, the disappearance of E-cadherin has been correlated with upregulation of other classical cadherins, such as N-or P-cadherin. To analyse the different cellular functions of cadherin molecules, we stably expressed E-cadherin or N-cadherin in the E-and N-cadherin-deficient pancreatic tumour cell line MIA PaCa-2. Only E-cadherin was able to induce a mesenchymal-epithelial transition and suppressed invasion of MIA PaCa-2 cells. Furthermore, only re-expression of Ecadherin resulted in an upregulation of a-and b-catenin mRNAs and protein concentrations. Ectopically expressed N-cadherin failed to assemble cadherin/catenin adhesion complexes and failed to inhibit invasion. Analysis of p120 ctn , which was associated with both cadherins, demonstrated that E-cadherin was linked to a shorter isoform of p120 ctn . In contrast, N-cadherin was associated with the long, 120 kDa p120 ctn isoforms. In addition, p120
Introduction
Cadherins represent a family of calcium-dependent transmembrane glycoproteins which are essential to initiate and stabilize cell-cell contacts (Kemler, 1993; Gumbiner, 1996) . Cadherins are characterized by an extracellular domain that mediates homophilic interactions between molecules on neighbouring cells. The cytoplasmic portion of cadherins is connected with the actin cytoskeleton via different catenins (Kemler, 1993) . The cadherin molecule binds directly to b-and g-catenin (plakoglobin) which in turn interact with the actinbinding protein a-catenin (Herrenknecht et al., 1991; Rimm et al., 1995) and thereby connects cadherin to the actin-based cytoskeleton. E-cadherin-mediated cell-cell adhesion is crucial for formation and maintenance of differentiated epithelial tissues in multicellular organisms. Numerous studies have shown that loss of Ecadherin correlates with tumour cell invasion, whereas re-expression of E-cadherin leads to suppression of invasiveness of tumour cells Schipper et al., 1991; Birchmeier et al., 1996; Chen et al., 1997) . Therefore, E-cadherin is considered as a 'suppressor of invasion' (Mareel et al., 1997) . One suggested mechanism is that the cadherin/catenin complex forms a mechanical connection between neighbouring tumour cells and prevents their detachment. In addition to a total loss of E-cadherin, a-or b-catenin expression, some mechanisms have been described to be involved in the regulation of cadherinbased adhesiveness. These include failure in cellular mechanisms regulating the strength of cell-cell adhesion such as phosphorylation of catenins or clustering of cadherins (Gumbiner, 2000) . In this context, p120 ctn , another member of the catenin family, was described. This protein is involved in the regulation of cadherin adhesion complex assembly . Originally it was characterized as a substrate of the cellular kinase src but p120 ctn can directly interact with cadherins. The binding site for p120 ctn is located in the juxtamembrane domain of cadherins and is different from that for b-and g-catenin (Ozawa and Kemler, 1998; Yap et al., 1998) . Functionally, p120 ctn influences E-cadherin-mediated cell-cell adhesion by regulating the lateral clustering of cadherin molecules, which seems to be necessary for strong cellular adhesion (Yap et al., 1998) .
Pancreatic adenocarcinomas are among the most fatal cancers, because of their extensive invasion into surrounding tissues and metastasis to distant organs, even at an early stage of tumour progression (Poston et al., 1991; Kern et al., 2001) . In contrast to the invasive growth, immunohistochemical analyses of pancreatic tumours revealed that only a fraction of tumours and their metastases are completely devoid of E-cadherin (Pignatelli et al., 1994; Weinel et al., 1996; Karayiannakis et al., 2001 ). In addition, many cell lines derived from pancreatic tumours contain E-cadherin, exhibit calciumdependent cell-cell adhesion and are able to form metastases in in vivo invasion assays.
To examine the role of different cadherins in suppressing metastases of pancreatic cancer cells, we chose the pancreatic carcinoma cell line MIA PaCa-2 as model system. These cells, derived from an undifferentiated human pancreatic carcinoma, are devoid of Eand N-cadherin and possess a high metastatic and invasive potential after injection into nude mice. Cell clones were generated which stably express full-length E-cadherin, a C-terminal deletion mutant of E-cadherin or wild-type N-cadherin. The reconstitution of cellular adhesion by E-cadherin re-expression induced an epithelial transition and suppressed cell migration and invasion in an in vivo model. These effects could not be detected after N-cadherin expression. Furthermore, we demonstrate that different isoforms of p120 ctn associated with the cadherin molecules. E-cadherin was found complexed with the short isoform, whereas N-cadherin was coupled to the long isoforms of p120 ctn . In addition, only N-cadherin-associated p120 ctn was tyrosine phosphorylated.
Results
In this study, we investigated the contribution of p120 ctn to N-and E-cadherin-mediated cellular adhesion and invasion of pancreatic cancer cells.
For this purpose, we stably expressed wild-type cDNAs of N-cadherin or E-cadherin in MIA PaCa-2 cells, a pancreatic carcinoma cell line which lacks Ecadherin as well as N-cadherin expression. In addition to full-length human E-cadherin (E-cad WT), we stably introduced an E-cadherin mutant with a C-terminal truncation of 35 C-terminal amino acids, which comprises most of the b-catenin-binding site (E-cadDC). To verify the proper transcription of the introduced constructs, we performed Northern blot hybridization analysis of RNA as well as protein studies using immunoblots. The presence of specific signals for Ncadherin or E-cadherin on protein level is shown in Figure 1a . Northern blot hybridization demonstrated the presence of the corresponding mRNAs (data not shown). Control cells transfected with an empty vector expressed neither E-cadherin nor N-cadherin. E-cadherin of a reduced molecular weight, which is due to its Cterminal truncation, was detectable in MIA PaCa-2 cells expressing E-cadDC ( Figure 1a) .
The morphological characterization of the different cell clones revealed that only those cells transfected with full-length E-cadherin grew in colonies and exhibited a typical cobblestone-like epithelial morphology with extended cell-cell contacts (Figure 1b) . Cells expressing N-cadherin or E-cadDC exhibited a spindle-shaped, irregular morphology with few cell-cell contacts comparable to mock-transfected cells (Figure 1b) . The cellular localization of ectopically expressed cadherins was analysed by immunohistochemistry and confocal laser scanning microscopy. As shown in Figure 1c , in Ncadherin-, wild-type E-cadherin-as well as E-cadDCexpressing cells, cadherins were predominantly localized in the cell membrane. Analysis of the distribution of catenins in cells of the different clones demonstrated that only wild-type E-cadherin-expressing cells exhibited enhanced fluorescence signals of a-and b-catenin (Figure 1c ). Both, a-and b-catenin co-localized together with E-cadherin in areas of cell-cell contacts at the cell membrane. The small dots visible in cells stained for bcatenin, especially in E-cadDC-cells, did not represent the nucleus as analysed by DNA costaining with DAPI (not shown).
Expression of N-cadherin does not lead to upregulation of a-and b-catenin and re-establishment of the cadherin/ catenin adhesion complex We examined the effects of different cadherin constructs on catenin gene expression and protein levels. Northern and Western blots were performed showing that mRNA and protein concentrations of a-and b-catenin were increased only in cells expressing full-length E-cadherin (Figure 2 ), whereas MIA PaCa-2 cells positive for Ncadherin, E-cadDC or E-cadDp120 did not show significant differences in the expression of either a-or b-catenin (Figure 2a and b) as compared to mocktransfected controls. The expression of g-catenin was not changed in cell clones analysed in this study (data not shown).
We next addressed the question, if the abovementioned increase in a-and b-catenin results in assembly of E-cadherin/catenin adhesion complexes and their connection with the actin cytoskeleton. Cell fractionation by Triton X-100 was used to prove the attachment of the E-cadherin/catenin complex to the cytoskeleton. In Figure 2c , we demonstrate that significant amounts of wild-type E-cadherin, a-and bcatenin were localized in the Triton X-100-insoluble fraction, which indicates their association with the cytoskeleton. In contrast, in E-cadDC-expressing cells, neither the truncated E-cadherin nor a-or b-catenin were connected with the cytoskeleton (Figure 2c ). All proteins were exclusively localized in the Triton X-100-soluble fraction, indicating that these proteins were not linked to the cytoskeleton. Coimmunoprecipitation studies further supported this view because a-and bcatenin coprecipitated only with full-length E-cadherin (data not shown). Interestingly, immunoprecipitation of N-cadherin from lysates of the appropriate cell clone revealed low amounts of b-catenin associated with N-cadherin, but virtually no a-catenin was detectable (Figure 3a ). Since it was described that N-cadherin can form cadherin/catenin adhesion complexes in mesenchymal cells (Hamaguchi et al., 1993) , we performed coimmunoprecipitation experiments of L-cells as well as epithelial CHO cells transiently expressing N-cadherin. As demonstrated in Figure 3b , ectopically expressed Ncadherin was associated with a-and b-catenin in L-cells and also CHO but not in AsPC-1 cells, another pancreatic carcinoma cell line. These results may implicate that in pancreatic carcinoma cells, N-cadherin cannot substitute for E-cadherin in mediating cell-cell adhesion and a-and b-catenin expression. To examine if the regulatory protein p120 ctn was involved in the upregulation of a-and b-catenin expression, we expressed an E-cadherin protein with a mutated p120 ctn -binding site in MIA PaCa-2 cells. Figure 3c shows that cells expressing this mutated E-cadherinDp120 did not exhibit an increase in a-or b-catenin concentrations compared to cells expressing wild-type E-cadherin, suggesting a role of p120 ctn in this process. To prove the expression level of the transfected cadherins, immunostaining of E-or N-cadherins was performed (Figure 3c ).
Expression of E-cadherin but not N-cadherin induces cellular aggregation and reduces invasiveness
To examine if the observed assembly of E-cadherin/ catenin adhesion complexes contributed to a modified cellular behaviour of MIA PaCa-2 cells, we performed several assays such as aggregation, migration and proliferation. In cell aggregation assays, wild-type Ecadherin-expressing cells formed large, tight cell clusters, whereas the other cell clones formed small aggregates which were poorly associated. Cell aggregation was Figure 4a indicates that these cells displayed hardly any aggregation. In contrast, wild-type E-cadherin-transfected cells exhibited a calculated aggregation index of A ¼ 0.85, pointing towards strong cell-cell adhesion. Removal of calcium ions by addition of EDTA/EGTA to wild-type E-cadherin-transfected cells decreased the aggregation index to A ¼ 0.23, which is comparable to the one for cells lacking E-cadherin. The application of an antibody, which inhibits homophilic interaction between E-cadherins (DECMA-1) or N-cadherins (GC-4), reduced the aggregation index to A ¼ 0.36 for E-cad WT-or A ¼ 0.18 for N-cad-expressing cells, respectively ( Figure 4a ). These results demonstrate clearly that the ectopically expressed E-cadherin was responsible for the observed cellular aggregation.
Next, we studied the influence of different cadherins on cell migration and proliferation. Using transwell migration assays, we demonstrate that increased cellular aggregation induced by expression of wild-type Ecadherin led to a reduced migration rate. As shown in Figure 4b , only a small number of E-cad WTtransfected cells migrated through the porous membrane 24 h after seeding (E-cad WT: 7.675.8 migrated cells per visual field). In contrast, N-cadherin-, E-cadDC-as well as mock-transfected clones showed significantly higher numbers of migrated cells (approximately 10-fold more cells) and there was no obvious difference between these clones (Figure 4b ). Cells expressing E-cadherin, which was unable to bind p120ctn, exhibited only a slightly reduced migration rate. These results were supported by wound-healing studies, in which wild-type E-cadherin-expressing cells failed to reduce a gap in contrast to mock-, E-cadDC-or N-cadherin-transfected MIA PaCa-2 cells (data not shown).
Since cell proliferation can also be influenced by altered cell-cell adhesion, the proliferation rate of transfected MIA PaCa-2 cells was analysed by measuring [
3 H]thymidine incorporation. Neither full-length Ecadherin-nor N-cadherin-or E-cadDC-containing MIA PaCa-2 cells exhibited significant alterations of DNA synthesis compared to vector-transfected controls (data not shown). 
Distinct p120 ctn isoforms are associated with different cadherins
In order to address the question about the molecular mechanisms that contribute to the different abilities of E-and N-cadherin to recruit proteins into adhesion complexes, we expanded our investigations on p120 ctn . As shown in Figure 6a , immunostaining for p120 ctn in cell clones used here revealed that it was located at the membrane in all cadherin-expressing cell clones in contrast to the mock-transfected controls. The overall protein level of p120 ctn remained unchanged in cells expressing E-or N-cadherin as analysed by immunoblotting of total protein lysates (Figure 6b ). and of the different isoforms was not changed in the analysed cell clones. In addition, the phosphorylation of p120 ctn isoforms was not significantly altered. (c) Isoforms and phosphorylation state of p120 ctn associated with transfected cadherins was analysed by Western blotting after immunoprecipitation of E-or N-cadherin. The phosphorylation status of p120 ctn was estimated by incubation with a phosphotyrosine-specific antibody. To correlate the resulting bands with p120 ctn , the blots were reprobed with an anti-p120 ctn antibody. Representative assays out of three independent experiments are shown Several tissue-specific isoforms of p120 ctn are described in the literature resulting from differential ATGusage and alternative splicing (Yap et al., 1998) . Considering these data, we studied which isoform of p120 ctn was associated with E-or N-cadherin by immunoprecipitation of cadherins from isolated cell membrane fractions.
The results, shown in Figure 6c , demonstrate that Ncadherin was associated with a longer isoform of about 120 kDa, whereas E-cadherin was predominantly associated with a markedly shorter form of about 95 kDa, which was not found in N-cadherin protein complexes (Figure 6d ). These data, in conjunction with the results from the aggregation studies, support the hypothesis that association of the shorter p120 ctn isoform with Ecadherin is correlated with strong cell-cell adhesion. To examine if the binding of different p120 ctn isoforms to E-or N-cadherin is specific, we coexpressed E-and Ncadherin in MIA PaCa-2 cells. In immunofluorescence analyses, we confirmed that most cells exhibited signals for both cadherins. As documented in Figure 7a , immunoprecipitation of E-or N-cadherin revealed that the expression of the additional cadherin did not alter the p120 ctn isoform associated with E-or N-cadherin. Ecadherin still bound the 95 kDa isoform and N-cadherin was associated with the 120 kDa variant of p120 ctn . The importance of p120 ctn binding to E-cadherin in cell-cell adhesion was further analysed in aggregation assays using MIA PaCa-2 cells transfected with the E-cadherin mutant lacking the p120 ctn -binding site. The results, shown in Figure 7b , document that cells expressing E-cadherin, which was not associated with p120 ctn , did not form large aggregates and behaved like mock-or N-cadherin-transfected cells.
E-cadherin-associated p120 ctn is not tyrosine phosphorylated
Beside the different isoforms of p120 ctn which influence cellular adhesion, it is known that the phosphorylation status of p120 ctn also modulates cell aggregation capacities (Roura et al., 1999) . To analyse the p120 ctn phosphorylation in the presence of different cadherins, we examined the distribution and phosphorylation of p120 ctn associated with E-and N-cadherin in our cell clones. As shown in Figure 6b , neither the amount of p120 ctn isoforms, nor their phosphorylation differ significantly between E-or N-cadherin-expressing MIA PaCa-2 cells. Next, the tyrosine phosphorylation of p120 ctn , which was coprecipitated with E-or N-cadherin, was analysed by immnoblot experiments. As shown in Figure 6c , p120 ctn was clearly phosphorylated at tyrosine residues when associated with N-cadherin, which did not contribute to intercellular adhesion. However, p120 ctn coprecipitated with E-cadherin was barely phosphorylated (Figure 6d ). Nonphosphorylated p120 ctn could be observed after transfection of fulllength E-cadherin as well as after transfection of the deletion construct missing the b-catenin-binding domain (E-cadDC). These data indicate that not only the association of different p120 ctn isoforms with cadherin but also the phosphorylation status at tyrosine residues of p120 ctn can be correlated with cadherin function with regard to cellular adhesion.
Discussion
Considering the extremely high rate of metastases of tumours derived from the exocrine pancreas, we were interested in mechanisms leading to dysregulation of the E-cadherin complex in the development of pancreatic carcinoma. In this study, we show that N-cadherin cannot substitute for E-cadherin in mediating efficient cell-cell adhesion of pancreatic carcinoma cells. Although both analysed cadherins were present in the membrane, only re-expression of E-cadherin resulted in . Only E-cadherin was associated with the short and nonphosphorylated isoform of p120 ctn , whereas Ncadherin was coupled with the longer, highly phosphorylated isoform of p120 ctn . A few studies have been carried out analysing the role of E-cadherin in pancreatic cancer, however, these studies focused on histological analyses of the E-cadherin/catenin complex in pancreatic tumour samples (Pignatelli et al., 1994; Weinel et al., 1996; Karayiannakis et al., 1998) . In summary, these studies showed that only 32-60% of pancreatic tumours and their metastases showed defects in E-cadherin expression with a loss or reduction of E-cadherin protein and sometimes of catenins. In an elegant approach, Christofori and co-workers demonstrated the principle importance of E-cadherin loss in the transition from adenoma to invasive carcinoma in a model of pancreatic b-cell carcinogenesis (Perl et al., 1998) . To determine the importance of E-cadherin and N-cadherin for the assembly of cadherin/catenin complexes and cell-cell adhesion in the exocrine pancreas, we stably re-expressed E-cadherin in cells of an E-cadherindeficient pancreatic carcinoma cell line. Most important, re-expression of E-cadherin resulted in increased expression of catenins and in re-assembly of the adherens junctions. These results are in agreement with the data published before by other groups characterizing E-cadherin as invasion suppressor Behrens et al., 1993; Lowy et al., 2002) . Moreover, we and others have shown that re-expression of E-cadherin was sufficient to suppress metastatic events after orthotopic transplantation of transfected cells into the pancreas of nude mice (Vleminckx et al., 1991; Bruns et al., 1999) . Cells expressing the E-cadDC-as well as the E-cadDp120-construct did not show elevated a-and bcatenin levels and showed no cellular aggregation. Similar results were shown by Nagafuchi and Takeichi (1988) . In addition to earlier reports which showed that cadherin expression stabilized the protein levels of catenins, especially b-catenin (Finnemann et al., 1997) , we demonstrate that re-expression of E-cadherin was followed by upregulation of a-and b-catenin gene expression. The transcriptional regulators by which E-cadherin modulates catenin gene expression are presently unknown. Our data indicate that the b-catenin-and the p120 ctn -binding site of E-cadherin is necessary to induce transcription of catenin genes, because both mutants of E-cadherin failed to do so. This led to the hypothesis that the presence of the whole complex or its association with the actin cytoskeleton contributes to the increased transcription of a-and b-catenin genes. This may be supplemented by an additional upregulation of a-and b-catenin on protein level (Nagafuchi et al., 1991; Papkoff, 1997) .
The incorrect expression of nonepithelial cadherins by epithelial cells represent an additional mechanism for facilitating invasion and metastasis of tumour cells (Rasbridge et al., 1993; Hazan et al., 1997) . Interaction between different classical cadherins can contribute to reduced cell adhesion and to metastasis. The mechanisms involved in this process are currently not understood (Christofori, 2003) . Although, there is a high structural homology between the different classical cadherins, N-cadherin was not able to contribute to cellular adhesion in pancreatic MIA PaCa-2 and AsPC-1 cells. N-cadherin was predominantly localized in the cell membrane but there was only a negligible increase in a-or b-catenin concentration in contrast to the observed increase mediated by E-cadherin. In conclusion, N-cadherin cannot substitute for E-cadherin in the upregulation of catenins and in the mediation of tight cellular adhesion in pancreatic carcinoma cells. In agreement with our data, comparative analyses of different breast carcinoma cell lines revealed that neither the presence of P-cadherin nor N-cadherin was sufficient to induce an epithelial phenotype or to reduce cell motility (Nieman et al., 1999; Tran et al., 1999) . In addition, the model of pancreatic b-cell carcinogenesis revealed that the loss of E-cadherin was necessary for progression to carcinoma, whereas N-cadherin levels remained unchanged (Perl et al., 1998) . Different studies analysed the interaction between VE-cadherin and N-cadherin mainly in endothelial cells (Navarro et al., 1998; Jaggi et al., 2002) In this model, N-cadherin did not seem to inhibit VE-cadherin-mediated cellular adhesion. Although both cadherins were associated with a-and b-catenin, VE-cadherin was able to exclude N-cadherin from cell-cell junctions. Navarro et al. in 1998 showed that a cytoplasmic region different from the b-cateninbinding site was necessary to induce N-cadherin exclusion.
Concerning the mechanisms which allow E-cadherin but not N-cadherin to mediate cell adhesion, we studied the influence of p120 ctn on cadherin-complex assembly. Several recent studies underline the importance of p120 ctn for cell adhesion (Kintner, 1992; Yap et al., 1998) as well as regulation of cell motility (Chen et al., 1997) . There is growing evidence that p120 ctn can influence lateral clustering of cadherin molecules and the assembly of cadherin adhesion complexes itself or its connection with the actin cytoskeleton. However, the data concerning the consequences of p120 ctn association with cadherins are controversial. Thus, Yap et al. (1998) reported that binding of p120 ctn to E-cadherin supported cadherin clustering and promoted strong cell-cell adhesion. Thoreson et al. (2000) showed that selective uncoupling of p120 ctn by mutation of the E-cadherin p120 ctn -binding site disrupted strong adhesion in cultured cells. In addition, Ireton et al. (2002) provided evidence that re-expression of p120 ctn increased E-cadherin concentration and induced a mesenchymal-epithelial transition in colon cancer cells. In agreement with the results shown in this study, Ireton and co-workers described that phosphorylation of p120 ctn interfered with strong cell adhesion. In contrast to these data, which suggest a positive influence of p120 ctn , other groups described that the binding of p120
ctn to E-cadherin could regulate cell adhesion in a E-and N-cadherin-mediated adhesion B Seidel et al negative manner (Aono et al., 1999; Ohkubo and Ozawa, 1999) . Ohkubo and Ozawa (1999) reported that prevention of p120 ctn binding to E-cadherin activated Ecadherin and stimulated aggregation of epithelial cells. Therefore, it seems that the juxtamembrane domain of cadherins and associated p120 ctn modulate cell adhesion in a positive or negative manner depending on the cellular situation.
We could demonstrate that p120 ctn indeed binds ectopically expressed E-and N-cadherin. However, the finding that only E-cadherin was connected with the cytoskeleton led to the conclusion that the presence or association of p120 ctn with cadherin alone is not sufficient to induce strong cell-cell aggregation. One explanation may be the phosphorylation state of p120 ctn which has been reported to play a fundamental role in the regulation of the E-cadherin adhesion complex (Shibamoto et al., 1995; Keilhack et al., 2000) . In agreement with our results that p120 ctn was tyrosine phosphorylated when it was associated with the nonadhesive N-cadherin, recent observations showed that tyrosine-phosphorylated p120 ctn destabilized the E-cadherin/catenin adhesion complex (Ozawa and Ohkubo, 2001 ). The authors demonstrated that the cellular kinase src phosphorylated p120 ctn and as a consequence led to reduced cellular aggregation. These data point towards a link between src-induced p120 ctn phosphorylation and regulation of the cadherin adhesion complex assembly. Additionally, it was reported that different isoforms of p120 ctn differentially influenced cellular adhesion (Montonen et al., 2001; Piedra et al., 2003; reviewed in Anastasiadis and Reynolds, 2000) . The longer splice variants (1A and 2A of 120 or 110 kDa, respectively), which are predominantly present in mesenchymal cells, were correlated with reduced cellular adhesion and promotion of cell migration (Mo and Reynolds, 1996; Thoreson et al., 2000) . Our data support this view, because N-cadherin, which did not contribute to cell-cell adhesion, was predominantly associated with the longer isoforms of p120 ctn . In contrast, the smaller isoform of p120 ctn of about 95 kDa was associated with E-cadherin in wild-type E-cadherin-expressing cells, which exhibited enhanced cell aggregation and reduced invasive capacities in vitro and in vivo. Although accumulating data exist that p120 ctn isoforms and its phosphorylation are involved in the regulation of cadherin-mediated cellular adhesion, we cannot exclude that jet unidentified changes in a-or b-catenin in MIA PaCa2-cells or additional regulatory proteins contribute to the effects observed in this study. Other authors suggest that despite the high degree of similarity between the cytoplasmic tail of different classical cadherins, these region exhibits different functional properties in E-or N-cadherin. In another study, it has been shown that a deletion of 11 amino acids in the proximal region of E-cadherin was able to induce cell-cell aggregation in contrast to an exchange of three amino acids in this region (Ozawa, 2003) . Ozawa assumed from these data that other proteins binding close to the p120ctn-binding site of E-cadherin may be responsible for regulation of E-cadherin-induced cellular adhesion.
The molecular mechanisms by which different p120 ctn isoforms control E-cadherin/catenin interaction are currently unknown and need to be further analysed. It is conceivable that p120 ctn physically stabilizes the Ecadherin complex, competitively blocks interaction of cadherins with other proteins or can regulate its function by modulation of Rho-GTPases. It was recently shown that p120 ctn can inhibit RhoA and activate Rac1 or Cdc42, small GTPases of the Rhofamily and well-known modulators of the actin cytoskeleton (Tapon and Grosheva et al., 2001; Yap and Kovacs, 2003) . These GTPases coordinate the organization of the actin cytoskeleton and may contribute to anchoring the E-cadherin complex and promote E-cadherin clustering (Braga et al., 1997; Jou and Nelson, 1998) . Moreover, our data indicate that different p120 ctn isoforms associated with E-or Ncadherin can be correlated with different expression of a-and b-catenin. This may be related to the recently described interaction of p120 ctn with the transcription factor Kaiso, thereby opening a new field of p120 ctn activities (Daniel and Reynolds, 1999) . It was speculated that the smaller p120 ctn isoforms binds Kaiso more efficiently than the longer isoform (Daniel and Reynolds, 1999) . In addition, Aho et al. showed that overexpression of the smaller p120 ctn isoforms in HaCaT cells downregulates the expression of E-cadherin (Aho et al., 2002) . These findings indicate that p120 ctn isoforms may directly or indirectly influence the expression of genes, which are involved in cell-cell adhesion.
In conclusion, in this study, we show that E-cadherin re-expression in a pancreatic carcinoma cell line led to re-establishment of a complete cadherin/catenin complex. The formation of the cadherin/catenin complex resulted in recovery of strong cell-cell adhesion and reduction of invasion. Furthermore, we demonstrated that N-cadherin did not substitute for E-cadherin in pancreatic epithelial cells with regard to cellular aggregation. The different behaviour of classical cadherins was associated with binding of different isoforms of p120 ctn . The long variant was preferentially associated with nonadhesive N-cadherin, whereas adhesive Ecadherin was coupled to the shorter p120 ctn isoform 3. In addition, the p120 ctn phosphorylation state at tyrosine residues played a pivotal role in the regulation of Ecadherin-mediated cellular adhesion. These data imply that p120 ctn has both positive and negative effects on cadherin-mediated adhesion and thus contributes to the modulation of E-cadherin-mediated adhesion.
(Invitrogen, Breda, The Netherlands). An E-cadherin mutation within the p120 ctn -binding domain (replacement of amino acids 764-766 by AAA according to Thoreson et al., 2000) was generated using an in vitro mutagenesis kit (Stratagene). The correct sequence of all constructs was verified by sequencing (GATC, Konstanz, Germany). Monoclonal antibodies against E-(C20820), N-cadherin (C70320), a-catenin (C21620), bcatenin (C19220), g-catenin (C26220), occludin (O79120), p120 ctn (P17920) and phosphotyrosine (PY20, P11625) were obtained from BD Bioscience (San Diego, CA, USA). Antibodies against pan-cadherin (C-3678), a-(C-2081) and b-catenin (C-2206) and vinculin (V-9131) were purchased from Sigma Biochemicals (Taufkirchen, Germany).
MIA PaCa-2 cells (CRL 1420) were obtained from the American Type Culture Collection (Manassas, VA, USA). For stable protein expression, MIA PaCa-2 cells were transfected using 15 mg DNA per 100 mm dish and DMRIE-C reagent according to the manufacture's protocol (Gibco Invitrogen, Karlsruhe, Germany). For coexpression of E-and N-cadherin, 7 mg of each plasmid was used. MIA PaCa-2 cells transfected with the empty vector (pcDNA3.1) served as controls. Stably transfected cell clones exhibited not less than 80% cadherinpositive cells as verified by immunfluorescence analysis. For each construct, three cell clones were analysed, whereof one representative clone is shown in the results.
Western blot and immunoprecipitation
Polyacrylamide gel electrophoresis (SDS-PAGE) was performed according to standard procedures as described previously (Menke et al., 2001) . For total protein analysis, cells were lysed in NOP buffer (10 mM Tris-HCl pH 7.8, 150 mM NaCl, 1 mM MgCl 2 , 1 mM CaCl 2 , 1% Nonidet P40) containing proteinase inhibitors (5 mM aprotinin, 1 mM pefabloc, 0.1 mM, 0.01% soja trypsin inhibitor (STI), 10 mM pepstatin, 10 mg/ml leupeptin). Immunoreactive proteins were localized with a second horseradish peroxidase-coupled antibody (Pierce, Rockford, IL, USA) and visualized using enhanced chemiluminescence (Pierce).
For immunocoprecipitation, 0.3-5 mg of NOP lysates were used. The antigen-Ig complexes were precipitated by incubation with protein-G-sepharose. Immunoprecipitates were analysed by Western blotting as described above.
Triton X-100 and subcellular fractionation To obtain Triton X-100-soluble and -insoluble fractions, cells were incubated with Triton buffer (1% Triton X-100, 0.3 M sucrose, 25 mM HEPES pH 7.4, 100 mM NaCl, 4.7 mM KCl, 1.2 mM KH 2 PO 4 , 1.2 mM MgCl 2 , 5mM aprotinin, 1 mM pefabloc, 0.01% STI, 10 mM pepstatin, 10 mg/ml leupeptin) for 15 min on a rocking platform. After centrifugation, the supernatant (Triton X-100-soluble fraction) was collected. The cell pellet was resuspended in SDS lysis buffer (20 mM Tris pH 7.5, 2.5 mM EDTA, 1%SDS, 0.5 mg/ml DNase I, 1 mM pefabloc, 0.01% STI, 5 mM aprotinin). Both fractions were reconstituted to equal volumes. For immunoblot analyses, 15 ml of each fraction were analysed by SDS-PAGE. Membrane and cytosolic lysates were made by using a hypotonic buffer as described in Thoreson et al. (2000) with little modifications (10 mM Tris-HCl pH 7.4, 1 mM MgCl 2 , 5 mM aprotinin, 1 mM pefabloc, 0.1 mM STI, 10 mM pepstatin, 10 mg/ ml leupeptin). For immunoblot analyses, 15 mg of membrane fractions together with equal volumes of the corresponding cytosolic fractions were applied. For immunoprecipitation experiments, 1 mg of membrane fraction was used.
Immunocytochemical analysis
To study protein localization, cells were grown on glass slides. Cells were fixed and permeabilized in cold acetone-methanol. Primary antibodies were visualized by incubation with a secondary Cy-3-(Biomol, Hamburg, Germany) or Alexa-488-conjugated antibody (Molecular Probes, Eugene, OR, USA). DNA was stained with DAPI (Serva, Heidelberg, Germany). The staining was examined by fluorescence microscopy (Axiophot, Zeiss, Oberkochen, Germany) and confocal laser microscopy (TCS-4, Leica, Wetzlar, Germany).
Northern-blot analysis
RNA was obtained using the RNeasy extraction kit (Qiagen, Hilden, Germany). In total, 20 mg of total RNA were analysed per lane. Northern blotting and hybridization was carried out as described previously (Menke et al., 1997) .
Migration, proliferation and aggregation assay
Migration assays were performed using cell culture inserts with porous membranes (8.0 mm pore size, BD Bioscience, Heidelberg, Germany) as described in Giehl et al. (2000) . After 12, 24 and 48 h of incubation, the number of migrated cells was estimated by counting five independent visual fields in microscope using a Â 20 objective. Three independent assays were performed in quadruplicates. For wound-healing migration assays, cells were grown to confluence and wounding was performed by scraping a small split. To examine the woundhealing motility, the reduction of the cell-free split was photographed and measured at 0, 24 and 48 h monitoring the same area each time. The reduction of the cell-free split was expressed in per cent of the distance at 0 h. Five areas were measured in three independent assays. Cell proliferation was determined by measuring DNA synthesis by [methyl-3 H]thymidine incorporation as described in Giehl et al. (2000) . To determine the Ca 2 þ -dependent cell-cell adhesion, aggregation assays were performed as described by Ozawa and Kemler (1990) . The extent of cell aggregation was calculated by the formula A ¼ (N o ÀN e )/N o , with N o representing the total particle number at the start and N e being the total particle number after incubation for 20 min. To examine the calcium dependency, EDTA and EGTA were added to a final concentration of 5 mM each. E-or N-cadherin dependence was proved by adding a neutralizing antibody against E-or Ncadherin (DECMA-1 or GC-4, respectively, Sigma Biochemicals) at a final concentration of 4 mg/ml assay medium. To remove preservatives of the antisera, the solutions were replaced by TBS using centricon centrifugation columns (Filtron, Northborough, MA, USA). Three independent assays were performed in quadruplicate.
Tumour growth in nude mice
To determine the metastatic potential, 100 ml of a single-cell suspension containing 2 Â 10 6 cells were injected into the pancreas of narcotized NMRI nu-mice. After 4 weeks, the animals were killed, the tumour size in the pancreas was estimated macroscopically and the numbers of metastases in surrounding organs were counted. The pancreas, liver and lung were excised and fixed in 4% formaldehyde. For histological examination, semithin sections were stained with haematoxylin-eosin (H&E). Serial sections were stained with anti-Ecadherin antibody as described before. Three to five animals were used for each cell clone. The animal care protocol and the experimental design was approved by a governmental animal care review committee.
Statistics
The mean values and standard errors were calculated out of at least three experiments, each performed in triplicate or quadruplicate. For statistical analysis, the Wilcoxon nonparametric test was used and Po0.02 was considered significant.
